We use the well tested StarTrack binary population synthesis code to examine the properties of the population of compact object binaries. We calculate the distribution of masses and mass ratios taking into account weights introduced by observability in gravitational waves during inspiral. We find that in the observability weighted distribution of double neutron star binaries there are two peaks: one for nearly equal mass systems, and one for the systems consisting of a low and a high mass neutron star, q = 0.6 − 0.7. The observability weighted distribution of black hole neutron star binaries is concentrated on the systems with the mass ratio q = 0.3 − 0.5, while for the double black hole binaries the observability weighted distribution is dominated by the massive, nearly equal mass binaries with q > 0.8.
INTRODUCTION
We are currently witnessing a large increase in the sensitivity of the gravitational wave observatories. LIGO is already taking data, the development of VIRGO shows great advances, GEO600 and TAMA300 are operational. In the coming years an even more sensitive LIGO 2 will begin taking data. Out of a number of potential sources of gravitational radiation the most promising are most probably mergers of compact object binaries. These are the only potential sources for which we are certain that they exist, and observations in the electromagnetic domain are consistent with emission of gravitational waves. Present efforts to examine data from gravitational wave detectors show that such detections rely heavily on availability of accurate templates. This provides a case for the importance of accurate merger calculations. The data analysis relies on cross correlating the data with a number of templates. Scanning large volume of the parameter space requires using a large number of templates and may hinder detection of a real but low amplitude signal. Any possibility to limit the amount of templates required or to show in which region of the parameter space a detection is most likely may improve chances of seeing the gravitational waves.
Thus it is important to ask the following questions: what are the most likely objects to be observed? what are the most important parameter sets to explore? In order to answer them one needs to investigate the properties of population of compact object binaries. Observations provide us with five double neutron star binaries (Thorsett & Chakrabarty 1999) . The radio selected sample of double neutron star binaries is biased toward long lived systems. However, we do not know any black hole neutron star nor double black hole binary. Therefore inferring the properties of the population of compact object binaries solely on the observations of these few systems may lead to erroneous results. A different approach -the binary population synthesis allows to investigate the properties of such systems. Binary population synthesis requires however, a thorough investigation of the systematic uncertainties due to parametrization of various stages of stellar evolution. The population synthesis studies have already been used to estimate the rates and properties of the mergers that can be observed by the gravitational wave observatories (Lipunov et al. 1997b; Fryer et al. 1998; Portegies Zwart & Yungelson 1998; Bethe & Brown 1998; Fryer et al. 1999; Bulik et al. 1999; Nutzman et al. 2003) . It has been shown that the observed sample will most likely be dominated by the mergers of double black hole binaries (Lipunov et al. 1997a; . The distribution of observed chirp masses was found to be a very sensitive indicator of the stellar evolution model while being relatively not sensitive to the star formation rate history and cosmological model . A preliminary study of the distribution of mass ratios in compact object binaries was presented by .
In this paper we use the StarTrack population synthesis code to investigate the distribution of masses and mass ratios in the population of compact object binaries. We use a convention where the mass ratio q in a binary system is defined as the ration of the lower mass component to the higher mass one and therefore is always less than unity. In section 2 we shortly describe the code, and demonstrate the difference between the volume limited and observability weighted distributions of masses of compact object binaries. We present the results in section 3, and conclusions in section 4. Table 1 . Description of different population synthesis models used here. We list the number of coalescing compact object binaries produced in each simulation. For explanation of the symbols see .
Model
Description N produced A standard model described in 
CALCULATIONS
We are using the StarTrack binary evolution code described in detail by . The code is well tested and has been used in various astrophysical applications: analysis of gamma ray-burst progenitors , tracing of evolutionary history of individual binaries , investigation of the mass spectra of compact objects . StarTrack population synthesis code was specifically designed to calculate the merger rates and physical properties of compact object binaries. It was compared with a several other codes (e.g., Lipunov et al. (1997b) , Portegies Zwart & Yungelson (1998 ) de Donder & Vanbeveren (1998 , Nelemans et al. (2001) ) . The comparisons showed some differences, however they were understood within the different model assumptions. Since StarTrack was designed to deal mostly with systems containing NSs and BHs, our input physics was updated and revised as compared to the other codes in respect to compact object formation. As a result we have recognized new evolutionary NS-NS formation scenarios, as well as we have shown that massive stellar BH may dominate the population of double compact objects (∼ 10M⊙). Last, but not least, our predictions of NS-NS Galactic coalescence rates are with perfect agreement with the most recent constraints obtained from the observed sample of these systems (Kalogera et al. 2001; Kim et al. 2003) .
Within the code the evolution of single stars is parametrized by the formulae of Hurley et al. (2000) . The single star evolution includes such stages as the main sequence, evolution on the Hertzsprung gap, red giant branch, core helium burning, asymptotic giant branch, and evolution of helium stars. The binary evolution takes into account orbit changes due to wind mass loss, and tidal interactions. In stable MT calculations we allow for conservative and non-conservative evolution, while dynamically unstable episodes are followed with standard common envelope prescriptions. Supernovae explosions are treated in detail: we investigate different kick velocity distributions; the masses of newly formed compact objects are calculated using a formalism based on the numerical simulations by Fryer (1999) . Compact objects can be formed either directly or taking into account fallback of some material in the supernova explosion. We use the following algorithm to derive the masses of a newly formed compact object Mrem:
where MFeNi is the mass of the FeNi core, MCO is the mass of the CO core, M is the total mass of the star prior to the explosion, and f fb is the fall back factor, 0 < f fb < 1 depending on the mass of the star. The initial mass of the primary is drawn from a power law distribution ∝ M −2.7 (Scalo 1986 ), the initial mass ratio distribution is flat (Kuiper 1935) , the eccentricities are drawn from a distribution ∝ e (Heggie 1975; Duquennoy & Mayor 1991) , and the orbital separation distribution is flat in log a (Abt 1983) . In order to asses robustness of the results we investigate 21 different models of stellar evolution, where we vary the parameters describing various stages of stellar and binary evolution. The models used are listed in Table 1 . Compared to our previous work we have omitted model G2 with increased stellar winds since no black holes are produced in this particular model. Model A was run with 10 7 initial binaries, while the remaining models with 4 × 10 6 initial binaries each. In the output we note the masses of the compact objects in each binary and its lifetimes: the stellar lifetime from the formation at the zero age main sequence to formation of a double compact object, and the lifetime as a double compact object binary until its merger due to gravitational wave emission.
We first calculate a volume limited distribution of masses. Here we shall assume that the star formation history was constant and that the space is Euclidean. Denoting the masses of components in each binary m Primary mass Figure 1 . The volume limited and observability weighted distributions of parameters of compact object binaries obtained within model A. The top row corresponds to the NSNS systems, the middle row to the BHNS systems, and the bottom to the BHBH systems. The thin dotted line in each plot encircles 95% of objects, and the thick dotted one corresponds to 68% .
where N is the number of the compact object binaries obtained in the simulation. The lifetimes of the systems do not enter the distribution of equation 2 since we have assumed a constant star formation rate history. In general to find a distribution of observed properties of compact object binaries one has to take into account the selection effects like e.g. the lifetimes of the objects, the strength of the signal they emit, as well as the history of star formation.
Observability weighted distributions
Our calculation of the distribution of masses relevant for detecting merging binaries with gravitational waves follows the calculations presented earlier in . Here again we assume that the star formation rate was flat and that the Universe is Euclidean and uniformly filled with stars. Relaxation of these assumptions has been discussed in ) and was shown not to be significant. The signal to noise in high frequency gravitational wave detectors from an inspiral of a stellar mass binary is given by ( (S/N ) = Ai dL
where M = (m1m2) 0.6 (m1 + m2) −0.2 is the chirp mass, z is the redshift, dL is the luminosity distance, and the Ai depends on the details of a particular detector. Thus a binary with a chirp mass Mi will be visible up to a distance proportional to M
5/6
and the number of such systems will be proportional to the volume Vi ∝ M 5/2 i . To compute the observability weighted distribution of masses of compact object binaries one has to average the binaries with a weight Vi. The observability weighted distribution of masses is therefore
where K = i Vi. Again the lifetimes of the binaries do not enter the weights in equation 4 because of assumption of constant star formation rate history. 
RESULTS
In the following we will assume that the maximum mass of a neutron star is 3 M⊙. All objects above this value will be considered as black holes. In our simulations the minimum mass of a neutron star is 1.2 M⊙. Thus we can classify all binaries as double neutron star (NSNS), black hole neutron star (BHNS), or double black hole binaries (BHBH). These three categories will be analyzed separately.
We will present the distributions of binary parameters in the space spanned by the mass of the primary (the more massive component of a binary) and the mass ratio q.
We start by examining model A. The results are presented in Figure 1 . We present the volume limited distributions in the left column. The volume limited distribution for the case of NSNS systems (top left panel) exhibits a peak for the systems with nearly equal masses just above the minimal mass of a neutron star. This roughly corresponds with the observations of pulsars where most systems have similar masses. There is however, a long tail in the distribution extending to systems with large mass of the primary, and low mass ratio. these are systems consisting of a neutron star with a mass near the maximum value and a companion neutron star with a low mass. Such systems have chirp mass about 1.5 times larger than the binaries from the above mentioned peak. Therefore in the observability weighted distribution -top right panel in Figure 1 these low mass ratio systems are showing up more prominently. It is however possible that the maximum mass of neutron star is lower than 3 M⊙ and some of the systems shown here harbor low mass black holes rather than neutron stars.
The middle row in Figure 1 , corresponds to the mixed, BHNS systems. The volume limited distribution of parameters exhibits a peak for low mass, high mass ratio systems. This is a direct consequence of the shape of the steeply falling initial mass function. Similarly as in the case of NSNS systems the more massive binaries are preferred in the observability weighted distribution. The peak of the observability weighted distribution corresponds to the the black hole mass of 8−10 M⊙ and the mass ratio about q = 0.3. However, a large number of the systems lies along a banana shaped region which stretches toward lower masses of the primary and higher mass ratios. The above mentioned peak marks only one end of the banana, the other ens lies at roughly black hole mass of 5 − 6 M⊙, and q ≈ 0.5.
The case of BHBH binaries is presented in the bottom row in Figure 1 . The volume limited distribution fills more or less uniformly the region allowed for such binaries. In the observability weighted distribution there is preference for the high mass ratio (nearly equal mass) systems with both components close to the maximal mass of a black hole produced in a given model. These binaries, of course, have the highest chirp mass.
In order to verify the dependence of the results presented above for the case of model A we have performed a parameter study where we check the results for the 21 models of stellar evolution presented in Table 1 . The results of our parameter study are in Figure 2 for the double neutron star systems, in Figure 3 for the black hole neutron star binaries, and in Figure 4 for the double black hole binaries. In Figure 2 we have used the bins with the width δq = 0.1 and δM = 0.1 M⊙, while in Figures 3 and 4 the mass bin width is δM = 1.0 M⊙.
In the case of double neutron star binaries most of the systems lie in the region where the mass ratio q is low, and the primary is very massive. These are binaries that consist of the highest possible mass neutron star and a companion slightly above the lowest mass allowed for a neutron star. While such binaries may not be numerous in the total population, their chirp mass can be up to 50% higher than that of equal mass systems with both masses around 1.4 M⊙. Binaries where two components are near the maximum mass of a neutron star are absent in case of all models.
The case of the black hole neutron star binaries (Figure 3 ) is an example of the balance between the falling mass function and the increase in the chirp mass with increase of the mass of the primary. For nearly all models this leads to dominance of binaries where the black hole primary has a mass between 6 and 12 M⊙, and the mass ratio is somewhere from 0.3 for the most massive black holes to 0.5 for the moderate mass ones. In model Z2 the mass ratio of the bulk of observed coalescing binaries is lower 0.1 < q < 0.3. This is because of the low metallicity which leads to formation of more massive black holes.
Our simulations show that the sample of observed double black hole systems (Figure 4 ) is dominated by nearly equal mass systems around 12 M⊙. For most models there the bulk of the observed systems has a mass ratio above 0.8. Only in one case -model O -the majority of the observed binaries has a lower mass ratio: 0.5 < q < 0.8.
CONCLUSIONS
We have calculated the expected distributions of masses and mass ratios of compact object binaries to be observed in gravitational waves. The results are based on the Star Track binary population synthesis code. For most of the models the observability weighted distribution of double neutron star systems has two peaks: one with the mass ratio almost unity and both masses near the smallest mass allowed for neutron stars, and another with small mass ratio, consisting of stars with the mass near the maximum mass of a neutron star in a binary with a star close to the minimum mass. The reality of this second peak depends on the assumed maximum mass of a neutron star: the lower the maximum mass of a neutron star the smaller the small mass ratio peak. The distribution of black hole neutron star binaries peaks at mass ratios between 0.3 and 0.5. The bulk of observed double black hole binaries has mass ratios above 0.8.
These results can be used as a guideline for choosing the initial conditions in numerical simulations of mergers of compact object binaries. In this work we have treated the three groups of compact object binaries equally, however it has been shown that the observed sample is dominated by the BHBH binaries. In fact for most models more than 90% of observed systems are double black hole binaries.
Additionally the results of this work can be used in preparing data analysis software using templates for detection of gravitational waves from compact object inspiral. Coalescences of BHBH binaries dominate the observed sample, and we find that the observability weighted distribution is peaked around nearly equal mass binaries. Moreover, a large fraction of observed double neutron star binaries shall have a mass ratio close to unity. Thus we conclude that the initial search for gravitational waves from coalescences of compact object binaries should concentrate on the one with mass ratio close to unity.
Finally, we note that this work only includes binaries that evolved in galaxies, and neglects all possible effects, like multiple stellar interactions that are relevant for evolution in dense stellar clusters.
